The metazoan cell cycle is driven by the timely and composite activities of cyclin-dependent kinases (CDKs). Among these, cyclin D-and cyclin E-dependent kinases phosphorylate the pRb family proteins during G 1 phase of the cell cycle and thereby advance cells beyond the restriction point. Increasing evidence suggests that cyclin D-dependent kinases might affect events other than Rb pathway-mediated entry into S phase, such as accumulation of cell mass. However, little is known about cyclin D activity toward Rb-independent pathway(s) or non-pRb substrates. In this article, we show that the tumor suppressor TSC2 is a cyclin D binding protein.
Introduction
Studies in Saccharomyces cerevisiae that laid the groundwork for our understanding of the cell division cycle also established its critical link to cell growth-the accumulation of cellular mass (1, 2) . Cell cycle control and cell growth control must be coordinately regulated to maintain homeostatic cell size, yet the two processes are separable (3) . The use of temperature-sensitive cell division cycle mutants showed that yeast cells blocked from progressing through the cell cycle could still continue to increase in size. However, when cell growth was blocked by nutrient deprivation or by inactivating key biosynthetic genes, the cell cycle could no longer proceed (2) . Although disruptions in the control of the cell cycle, and more recently of cell growth, have been widely recognized as major contributors to tumorigenesis (4, 5) , the molecular mechanisms linking the two processes are not well understood.
Entry into the proliferative cell cycle and progression through the G 1 phase is initiated by extracellular mitogenic signaling, which in mammalian cells leads to the synthesis of D-type cyclins. Two catalytic subunits, cyclin-dependent kinases 4 and 6 (CDK4/CDK6), can interact with any of three D-type cyclins (D1, D2, and D3) to form up to six distinct kinase holoenzymes (collectively referred to as cyclin Ds-CDK4/6). Although individual D-type cyclins, and to a lesser extent, CDK4 and CDK6, are expressed differentially in a tissue-specific manner, different cyclin Ds-CDK4/6 complexes are biochemically similar if not indistinguishable. CDK4/6 are negatively regulated by two families of CDK inhibitors, the INK4 (inhibitors of CDK4) family, which can bind CDK4/6 and prevent their association with D-type cyclins, and the CIP/KIP family, which can bind to and inhibit cyclin Ds-CDK4/6 and cyclin Es-CDK2 in a ternary complex (6) . Active cyclin Ds-CDK4/6, followed by cyclin Es-CDK2, phosphorylate pRb and the two other pocket proteins, p107 and p130, thereby lifting repression of the E2F transcription factors, allowing passage through the restriction point in G 1 , and permitting expression of genes necessary for DNA replication during S phase.
Some aspects of cyclin D and CDK4/6 biology cannot be reconciled by their kinase activity toward pRb family proteins alone. For example, as some cells undergo senescence and permanently withdraw from the cell cycle, such as during myotube differentiation, the level of cyclin D in the cell actually accumulates rather than decreases (7) . Furthermore, a cyclin D1 mutant ineffective at targeting pRb retains transforming ability in cooperation with Ras (8) . In a similar vein, disruption of cyclin D-CDK4/6 function by p16
INK4a overexpression in melanocytes exhibits phenotypically distinct consequences from pRb inactivation (9) . Cyclin D1 and CDK4 are dispensable for proliferation in flies and mice, but do seem to play a role in growth control, as disruption of either cyclin D or CDK4 results in reduced cell and overall organism size (10) (11) (12) (13) (14) . In fact, overexpression of cyclin D or CDK4 in flies leads to an increase in cell and organ size in a pRbindependent manner (11, 15) . Genetic studies have suggested a role for cyclin D-CDK in cell growth control by acting upstream of Hif-1 prolyl hydroxylase and the mitochondrial ribosomal protein mRpL12 (16, 17) .
Despite the broad effects of cyclin D-CDK on cell cycle and cell growth control, little is known about its substrates other than the pRb family. Recently, Smad3 was identified as a direct cyclin Ds-CDK4/6 substrate, linking cyclin D-CDK activity with another effector of proliferative control (18) . In addition, CDK-independent activation of several transcription factors by cyclin D have been described (19) . The identification of other cyclin D-CDK4/6 targets could lead to a greater understanding of its role in cell cycle progression, cell growth control, and tumorigenesis. In this study, we identify the cell growth regulator TSC2 as a cyclin D-binding protein. Further characterization of this interaction suggests that the TSC1-TSC2 complex may be a novel target of cyclin D-CDK4/6 activity involved in cell growth control.
Materials and Methods
Mammalian cell culture, transfections, plasmids, and reagents. U2OS or HEK293T cells were grown at 37jC with 5% CO 2 in DMEM (Life Technologies, Gaithersburg, MD) supplemented with 10% fetal bovine serum (Sigma, St. Louis, MO), penicillin, and streptomycin (Invitrogen, San Diego, CA). Cells were transiently transfected using the calcium phosphate precipitation method or FuGene (Roche, Alameda, CA) according to the manufacturers' instructions. After transfection, cells were typically cultured for 24 to 48 hours prior to treatment or harvest for flow cytometry, immunoprecipitation, or Western analysis. To serumstarve cells, transiently transfected cells were cultured in DMEM overnight without serum (18 hours), followed by re-stimulation with 10% serum over a 4-hour time course. The cDNA encoding rat TSC2 was kindly provided by Dr. Ray Yeung (Department of Medical Genetics, University of Washington, Seattle, WA), and was subcloned into pcDNA3 in-frame with an HA-epitope tag. , and green fluorescent protein (GFP)-spectrin are from laboratory stock. Site-directed mutagenesis of cyclin D1 was done by standard PCR techniques using the QuikChange kit (Stratagene, La Jolla, CA). All constructs were verified by partial DNA sequencing.
Flow cytometry. Cells were transiently transfected with cDNAs of interest along with GFP-spectrin, cultured for 48 hours, collected by trypsinizing, washed and resuspended in cold PBS, and fixed by adding ethanol to a final concentration of 75%. Fixed cells were resuspended in PBS/0.1% Triton/0.1 mg/mL RNase, and DNA was labeled with propidium iodide (1 mg/mL) overnight at 4jC. Prepared cells were analyzed using a flow cytometer (FACScan, BD Biosciences, San Jose, CA), gating specifically on GFP-positive, transfected cells, using Summit software (version 3.0, BD Biosciences) for data processing.
Immunochemistry procedures and antibodies. Cells analyzed by Western blot or immunoprecipitation were lysed in NP40 lysis buffer [50 mmol/L Tris-HCl (pH 7.5), 0.15 mol/L NaCl, 0.5% Nonidet P-40, 1 mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L DTT, 50 mmol/L sodium fluoride, 1 mmol/L sodium vanadate, and protease inhibitors: 2 Ag/mL aprotinin, 2 Ag/mL leupeptin, 10 Ag/mL trypsin inhibitor, and 150 Ag/mL benzamidine] and cleared by centrifugation. NP40-insoluble fractions were solubilized using an SDS lysis buffer [50 mmol/L Tris-HCl (pH 7.5), 0.5 mmol/L EDTA, 1% SDS, 1 mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L DTT, 50 mmol/L sodium fluoride, 1 mmol/L sodium vanadate, and protease inhibitors]. Extracts treated with calf intestinal alkaline phosphatase (CIP, NEB, Ipswich, MA) were prepared by lysing cells in NP40 lysis buffer lacking sodium vanadate and sodium fluoride. Clarified total cell lysates were quantified using Bio-Rad (Richmond, CA) protein assay kits. Immunoprecipitations were incubated overnight at 4jC, using 0.5 to 1 mg of total protein lysate, 1 to 2 Ag affinity-purified antibody, and protein A or G agarose beads (Invitrogen). Western blotting was done with 50 to 100 Ag of protein extract separated by SDS-PAGE and transferred to nitrocellulose membrane (GE Osmonics, Minnetonka, MN). Polyclonal antibody to TSC2 was raised in rabbits (Pocono Rabbit Farms, Canadensis, PA) using a COOH-terminal TSC2 peptide (corresponding to residues 1788-1807) coupled to keyhole limpet hemocyanin as an immunogen, and later affinity-purified (Pierce Biotechnology, Rockford, IL). Rabbit polyclonal antibodies to cyclin D1/2, cyclin D3, CDK6, and p16 were similarly generated by our laboratory. Affinity-purified antibodies to Myc (clone 9E10, Labvision NeoMarkers, Fremont, CA), HA (clone 12CA5, NeoMarkers), Flag (M2, Sigma), cyclins D1, D2, D3 (G124-259, PharMingen, San Diego, CA), tubulin (NeoMarkers), and phosphorylated Thr 389 of S6K (Cell Signaling Technologies, Beverly, MA) were purchased commercially.
In vitro kinase assay. For kinase assays, 293T cells in a six-well plate were transfected as indicated and serum-starved for 2 to 8 hours. One half of anti-HA-immunoprecipitate was used for Western blot analysis and the other half was washed twice in kinase assay buffer [20 
Results
Detection of TSC2 as a cyclin D-interacting protein. Studies in Drosophila have shown that cyclin D plays a role in cell growth control (10, 11) , and that it interacts genetically with TSC2 (21), a negative regulator of cell growth. To test whether TSC2 and cyclin D may physically interact in mammalian cells, 293T cells were transiently transfected with Flag-tagged full-length TSC2 in combination with one of the three D-type cyclins. Anti-Flag immunoprecipitates were resolved by SDS-PAGE and each of the three D-type cyclins were detected in the Flag-TSC2 immunocomplexes (Fig. 1A) . The cyclin box of cyclin D1 (amino acids 42-153), the region that is sufficient for association with CDK4/6, does not bind to TSC2 (Fig. 1B) . Rather, both the NH 2 terminus (amino acids 1-42, corresponding to the pRb-binding domain) and the COOH terminus (amino acids 153-295) of cyclin D1 retain the ability to associate with TSC2, consistent with the formation of a ternary complex between TSC2-cyclin D1-CDK4/6. These observations were further supported by results from a yeast three-hybrid screen in which cyclin D1-CDK6 K43M (catalytically inactive complex) was used as bait to detect interactions with prey from a human HaCaT cell cDNA library. Aside from known cyclin D-CDK4/6 binding partners, such as members of the INK4 and CIP/KIP families, and the pRb family member p130, COOH-terminal truncated forms of TSC2 were isolated 20 times in this screen (M.A. Nichols and Y. Xiong, data not shown). CDK6 was not required for binding of cyclin D1 with TSC2, as cyclin D1 alone positively interacted with TSC2 in a directed yeast-two hybrid assay (data not shown).
TSC2 heterodimerizes with TSC1, and acts to negatively regulate cell growth by inhibiting the protein kinase mTOR (22) (23) (24) . The TSC1-TSC2 complex is sensitive to growth conditions-in the presence of growth factors and mitogens, TSC2 is multiphosphorylated, rendering TSC1-TSC2 inactive, and in their absence, TSC2 is hypophosphorylated, allowing TSC1-TSC2 to actively repress mTOR (23) (24) (25) (26) (27) (28) (29) (30) . To determine whether growth conditions might have an effect on the association of cyclin D1 with TSC2, we did coimmunoprecipitation experiments from serum-starved cells with or without subsequent serum stimulation (Fig. 1C) . Consistent with previous observations, we observed more stable detection of TSC2 when its plasmid was coexpressed with one encoding TSC1 (31) . Although TSC2 was detectable in the anti-cyclin D1 immunocomplex from serum-starved cells, its association increased as the cells were stimulated with 10% serum (Fig. 1C, lanes 13-18) . TSC1 was also detectable in the cyclin D1 immunocomplex, presumably through its association with TSC2 (Fig. 1C, lanes 14, 16, and 18) . Together, these data show an association between cyclin D1 and TSC2 that allows for CDK4/6 binding and is subject to regulation by serum-derived growth signals.
Cyclin D1 overexpression abrogates the growth-inhibitory effects of TSC1-TSC2. In the absence of functional TSC1-TSC2, metazoan cells are quantitatively larger and conversely, excess TSC1-TSC2 causes a measurable decrease in overall cell size (21, 29, 32, 33) . A physical interaction of cyclin D-CDK with the TSC1-TSC2 complex implies a role for cyclin D-CDK in cell growth control, consistent with previous conclusions based on Drosophila genetics (21) . We therefore evaluated the effect of cyclin D1 expression on TSC1-TSC2 function by using flow cytometry to measure changes in cell size-determined by the forward scatter of light produced by the transfected cells. As expected, when TSC1 and TSC2 were ectopically expressed in U2OS cells, a decrease in mean forward scatter of G 1 phase cells was observed ( Fig. 2A) . A similar but less pronounced effect on cell size was evident in G 2 -M phase cells (data not shown). The addition of cyclin D1 to cells overexpressing TSC1-TSC2 nearly restored the average cell size to control levels ( Fig. 2A ). TSC1 and TSC2 have also been proposed to affect cell cycle progression (21, (34) (35) (36) . TSC1-TSC2 overexpression caused only subtle alterations in cell cycle distribution, leading to a slight increase in the G 1 population, which again was abrogated when cyclin D1 was coexpressed ( Fig. 2A) .
Mammalian cell growth is regulated by the kinase activity of mTOR directed at either inhibiting or activating, respectively, two primary targets-4E-BP1 and S6K1 (37) . The activity of mTOR, in turn, is negatively regulated by the TSC1-TSC2 complex which itself may be controlled in part by cyclin D-CDK4/6 ( Fig. 2A) . Therefore, to determine whether the antagonizing effect of cyclin D1 toward the TSC complex is mediated through mTOR activity, we assayed for mTOR-dependent phosphorylation of 4E-BP1 and S6K1 under conditions of cellular proliferation or quiescence. 293T cells were transfected with plasmids encoding either HA-4E-BP1 alone or with cyclin D and CDK4, and were cultured either with 10% serum or in the complete absence of serum for 1 hour before harvesting. Under normal growth conditions, HA-4E-BP1 can be seen both as a faster migrating nonphosphorylated band and as a more slowly migrating phosphorylated band (Fig. 2B, lane 2) . Upon serum withdrawal, HA-4E-BP1 collapses to the nonphosphorylated form (Fig. 2B) . However, under the same conditions, coexpression of cyclin D1-CDK4 substantially prevented the loss of phosphorylated HA-4E-BP1. Serum-induced phosphorylation of 4E-BP1 is dependent on mTOR (38, 39) , and the repression of mTOR following serum depletion requires the activity of the TSC1-TSC2 complex (40, 41) . Therefore, these data are consistent with the suggestion that cyclin D1-CDK4 acts to protect the mTOR signaling pathway from TSC1-TSC2 function.
Similar results were obtained when the activity of S6K1 was examined under conditions of serum withdrawal. Plasmid encoding HA-S6K1 was transfected into 293T cells, either independently or in conjunction with cyclin D1-CDK4. Twenty-four hours following transfection, serum was removed and the cells were collected 2, 4, or 8 hours later. HA-S6K was immunoprecipitated from cell lysates and assayed for its ability to phosphorylate GST-S6 (Fig. 2C) . Under standard growth conditions, HA-S6K efficiently phosphorylated GST-S6, but as the duration of serum starvation increased, HA-S6K activity diminished (Fig. 2C, lanes 3, 5, and 7) . However, when plasmids encoding cyclin D1-CDK4 were coexpressed with HA-S6K, a partial attenuation of the rapid decline in S6K activity was observed at each time point (Fig. 2C, lanes 4, 6, and 8) . Furthermore, whereas overexpression of TSC1 and TSC2 can reduce the activating phosphorylation of S6K1 at Thr 389 by mTOR, the coexpression of cyclin D1, either alone or in combination with CDK6, restores mTOR-dependent phosphorylation of S6K1 (Fig. 2D) . Thus, high cyclin D-CDK4/6 levels down-regulate the capacity of the TSC1-TSC2 complex, when boosted by either serum depletion or its overexpression, to inhibit mTOR signaling. 1-3) or anti-Flag immunoprecipitates (lanes 4-7) were separated by SDS-PAGE and blotted with antibody against TSC2 (top ) or cyclins D1-3 (bottom ). B, myc-cyclin D1 was divided into three domains (amino acids 1-42, pRb binding; 42-153, cyclin box; 153-295, COOH terminus), expressed in 293T, and immunoprecipitated with anti-myc antibody to test for association with cotransfected HA-TSC2. Equal expression of HA-TSC2 was confirmed in whole cell lysates (data not shown). C, 293T cells were transfected with equal amounts of HA-TSC2 cDNA with or without myc-TSC1 and/or cyclin D1 cDNAs. Following treatment, whole cell lysate (lanes 1-12 ) or anti-cyclin D1 immunoprecipitates (lanes 13-18) were run on SDS-PAGE and analyzed by Western blot as indicated.
TSC1 and TSC2 are phosphorylated in a CDK-dependent manner. Two lines of evidence suggest that cyclin D-CDK4/6 may promote the phosphorylation of TSC2 and/or TSC1: (a) physical interaction of the TSC1-TSC2 complex with cyclin D-CDK4/6 ( Fig. 1) and (b) retarded mobility of both TSC1 and TSC2 on SDS-PAGE when cyclin D and CDK4/6 were coexpressed (Fig. 2D) . In order to evaluate the potential kinase activity of other CDKs toward TSC2, cDNAs for TSC2 and myc-TSC1 were cotransfected into U2OS cells with different cyclin and CDK combinations, and total cell lysates were resolved by SDS-PAGE (Fig. 3A) . As expected, coexpression of cyclin D1 and CDK6 caused a mobility shift of TSC2, whereas the catalytically inactive CDK6 K43M mutant failed to alter the mobility of TSC2 (Fig. 3A) . CIP treatment of extracts confirmed that the mobility shift was due to phosphorylation (Fig. 3B) . Interestingly, the mobility of TSC1 was also retarded by coexpression with cyclin D1-CDK6, but not by cyclin D1-CDK6 K43M . The phosphorylation of TSC1 on at least three sites, T417, S584, and T1047, by cyclin B-CDK1 has been described (42, 43) . We found that, in fact, several different cyclin-CDK pairs, including cyclin D-CDK4 (data not shown), cyclin E-CDK2, cyclin A-CDK1, and cyclin A-CDK2 promoted the apparent phosphorylation of both TSC1 and TSC2 upon coexpression (Fig. 3A) . These results suggest that both TSC1 and TSC2 can be phosphorylated in a CDK-dependent manner, either directly or indirectly, and offer one potential mechanism for the regulation of the TSC1-TSC2 complex by cyclin-CDK partners.
Down-regulation of TSC1-TSC2 by cyclin D. Another notable consequence of the concomitant expression of plasmids encoding cyclin D-CDK6 (wild-type or kinase-dead) and the TSC1-TSC2 complex is a decreased detection of both TSC1 and TSC2 protein levels (Figs. 2D and 3A) . Overexpression of cyclin D1 alone is able to cause the down-regulation of coexpressed myc-TSC1 and HA-TSC2, although this effect is dependent on growth conditions (Fig. 1C) . HA-TSC2 and myc-TSC1 coexpressed with cyclin D1 in 293T cells are most stable under serum-starved conditions, and become increasingly sensitive to cyclin D1-mediated downregulation upon serum restimulation (Fig. 1C, lanes 4, 8, and 12) . Cyclins D2 and D3 elicit a similar effect on decreasing TSC1-TSC2 under the same assay conditions (data not shown). To determine whether expression of cyclin D1 alone might down-regulate TSC protein levels through the activation of endogenous CDK4/6, we used cyclin D1 K112E , which is a cyclin box mutant that fails to bind or activate either CDK4 or CDK6 (44, 45) . As shown in Fig. 4A , cyclin D1
K112E is also capable of down-regulating myc-TSC1 and HA-TSC2, demonstrating the kinase-independence of this activity.
For further confirmation of a CDK-independent down-regulation of ectopic TSC1 and TSC2 by coexpressed cyclin D1, we took advantage of the differential inhibitory modes of the two families of CDK inhibitors, the INK4 versus the CIP/KIP family. p16
INK4a , which forms a binary complex with CDK4/6, is unable to protect myc-TSC1 or HA-TSC2 from down-regulation by cyclin D1 expression (Fig. 4B) . In contrast, p21 CIP , which forms a ternary complex with cyclin D-CDK4/6, is able to attenuate the down-regulation of myc-TSC1 and HA-TSC2 caused by either cyclin D1 alone or cyclin D1-CDK6 (Fig. 4B) . A 3-fold increase in transfected cyclin D1 Figure 2 . Cyclin D-CDK4/6 abrogates the growth-inhibitory effects of TSC1-TSC2. A, cell size distribution of G 1 phase cells. U2OS were transfected with GFP-spectrin alone (control), or with GFP-spectrin, TSC1, and TSC2, with or without cyclin D1, and analyzed 48 hours later by flow cytometry to assess cell cycle and cell size (FSC) profiles. Results are representative of three independent experiments. B, HA-4E-BP1 was transiently expressed in 293T alone, or with cyclin D1 and CDK4. After 24 hours, cells were either left untreated, or were starved of serum for 1 hour prior to harvest. Whole cell lysates were run on SDS-PAGE and blotted with anti-HA antibody. C, 293T cells were transfected with empty vector or HA-S6K , with or without cyclin D1 and CDK4, and cultured for 24 hours under normal growth conditions. Before harvest, cells were either left untreated (0 hours), or were serum-starved for 2, 4, or 8 hours. HA-S6K was immunoprecipitated from each total cell lysate; one quarter was separated by SDS-PAGE and probed with anti-HA antibody (bottom ), and the remainder of each immunoprecipitation was used in a kinase assay with purified GST-S6 and 32 P-ATP, separated by SDS-PAGE, and analyzed by autoradiography (top ). The band intensities of 32 P-GST-S6 were quantified by densitometric analysis, and represented as relative units (bottom ). D, U20S were transfected with the indicated plasmids, harvested 48 hours later, and analyzed by SDS-PAGE and Western blotting with anti-HA, anti-myc, and anti-phosph-T389-S6K antibodies.
expression plasmid causes a correspondingly larger decrease in both myc-TSC1 and TSC2 levels (Fig. 4C) , indicating that the effect of cyclin D1 on TSC1 and TSC2 protein levels is equivalent. We failed to inhibit cyclin D1-mediated TSC1-TSC2 down-regulation with MG132, chloroquine, and leupeptin (data not shown), ruling out the potential involvement of the proteasome, lysosome, or calpain. Detection of either TSC1 or TSC2 is increased when coexpressed with the second TSC complex member (Fig. 1C) , suggesting that proper folding or protein stability requires TSC1-TSC2 complex formation. TSC1 and, to a lesser extent, TSC2, fractionate in an NP40-insoluble fraction when expressed alone, and are found predominantly in an NP40-soluble fraction when coexpressed ( Fig.  4C; ref. 46 ). Cyclin D1 expression causes a dose-dependent shift of both TSC1 and TSC2 from the NP40-soluble fraction to the insoluble fraction (Fig. 4C) . In addition, binding of ectopically expressed TSC2 and cyclin D1 is diminished by coexpression of TSC1 (Fig. 1C, lanes  14, 16, and 18) , indicating that stable TSC1-TSC2 complex formation is incompatible with cyclin D1 association. Together, these data suggest that cyclin D1 overexpression is able to negatively regulate coexpressed TSC1 and TSC2 via a CDK-independent mechanism, possibly through complex disruption.
Discussion
The ''pRb pathway'' controls the transition from the G 1 to the S phase of the cell cycle and is often denoted as a linear sequence of interactions: INK4 proteins-I cyclin D-dependent kinases!pRb family proteins (47) . The importance of this pathway is underscored by the likelihood that it is deregulated in most, if not all, human tumors. Interestingly, the aberrant activation of CDK4/6, either by loss of INK4 inhibitor genes or by amplification and overexpression of cyclin D, CDK4, or CDK6 genes, is observed in diverse cancers disproportionately more often than is inactivation of pRb proteins. This observation suggests that inappropriate cyclin D-CDK4/6 activity confers greater growth advantages to cells than mere loss of pRb function, and implies that inactivation of cyclin D-CDK4/6 targets in addition to pRb may contribute to its oncogenic potency (4) . We have shown that cyclin D, either alone or in conjunction with CDK4/6 can physically interact with the tumor suppressor protein, TSC2, and down-regulate the growthsuppressive function of the TSC1-TSC2 heterodimer.
TSC1 and TSC2 were originally identified as two separate loci linked to the congenital disorder, tuberous sclerosis complex (TSC, refs. 48, 49) . The in vivo function of TSC1-TSC2 had been difficult to pinpoint until studies in Drosophila melanogaster identified the A, myc-TSC1 and HA-TSC2 were ectopically expressed in U2OS alone, or in conjunction with wild-type or mutant (K112E) cyclin D1. Total cell lysates were analyzed by SDS-PAGE and Western blot, as indicated. B, U2OS were transiently transfected with plasmids encoding HA-TSC2 and myc-TSC1, along with cyclin D1 and/or CDK6, and p16 or HA-p21, as indicated, and analyzed by SDS-PAGE and Western blot, probing with anti-HA, -myc, -CDK6, -cyclin D1, -p16, and -tubulin antibodies. C, U2OS were transiently transfected with 100 ng each of pcDNA3-myc-TSC1 and pcDNA3-HA-TSC2 alone, or with 100 or 300 ng (3Â) pcDNA3-cyclin D1. Transfected cells were collected and lysed in NP40 lysis buffer (soluble fraction), and the remaining pellet (insoluble fraction) was solubilized in a SDS lysis buffer. The resulting samples were separated by SDS-PAGE and analyzed by Western blot.
TSC genes (dTSC1 and dTSC2) as important regulators of cell growth (21, 32, 35, 50) . Numerous studies, both in Drosophila and mammalian systems, have linked TSC1-TSC2 with several other gene products involved in the insulin!phosphoinositide-3-kinase-!AKT!TOR cell growth signaling network (51) . The TSC1-TSC2 complex is a key negative regulator of TOR kinase activity, integrating diverse inputs from growth factors, oxygen and nutrient availability, and energy status. The TOR inhibitory activity of TSC1-TSC2 stems from the GTPase-activating protein domain of TSC2, which inactivates the GTPase Rheb and prevents it from stimulating the kinase activity of mTOR (52) (53) (54) (55) (56) (57) (58) .
The coupling of cell division with cell growth in multicellular organisms intuitively requires more complex regulatory mechanisms than those used by unicellular organisms (59) . Whereas unicellular organisms must continually adapt to changing nutrient and energy availability, cells of a muticellular organism are maintained within an environment of relatively constant and abundant nutrient and energy supply, and rely on extracellular cues, in the form of mitogenic or growth factor signaling, to drive cell division or cell growth, respectively. Cyclins are regarded as potential ''cell growth sensors'' or ''translational sizers'' that may transmit growth stimuli to proliferative pathways because they are rate-limiting for cell cycle progression and their expression, or accumulation, is sensitive to the rate of protein synthesis (3, 60) . Cyclin D might be considered a bilateral relay for proliferation signals because its activation of CDK is derived from mitogens and/or growth factors and because it can simultaneously promote cell cycle progression as well as cell growth (Fig. 5) .
We have shown that the TSC1-TSC2 heterodimer may be a molecular target of cyclin D-CDK's growth control activity. An analogous association has also been observed in Drosophila in which dTSC1 and dTSC2 have been found to interact genetically with cycD and CDK4 (21). Although dTSC1-dTSC2 overexpressed in the eye resulted in a pronounced reduction in overall eye size, co-overexpression of cyclin D-CDK4 rescued this defect. Interestingly, cyclin E co-overexpression was also capable of rescuing the small eye phenotype, and reduction in cyclin E or cyclin A levels resulted in even smaller eyes. These studies provide a premise to our findings that in mammalian cells, cyclin D-CDK could act upstream of, and inhibitory to, TSC1-TSC2. Additionally, the studies in Drosophila also suggest the potential involvement of other cyclins in negatively regulating TSC1-TSC2. Consistent with this, we have detected interactions between TSC2 and cyclins A, B, and E (data not shown), and interactions between TSC2 and cyclin A, cyclin B, and CDK1 have been reported previously (42, 61) .
The coexpression of TSC1-TSC2 with multiple cyclin-CDK complexes, but not with kinase-dead CDK complexes, results in the phosphorylation of both TSC1 and TSC2 (Fig. 3) . Although in additional experiments, we have failed to unambiguously show direct phosphorylation of TSC1 or TSC2 by cyclin D1-CDK4/6 (data not shown), we cannot exclude this possibility. Astrinidis et al. described the direct phosphorylation of TSC1 by cyclin B-CDK1 in nocodazole-treated cells (42) . The shared ability of multiple cyclin-CDK pairs to bind to, and possibly phosphorylate, TSC1-TSC2 suggests that throughout all stages of the cell cycle, the TSC complex is under the negative regulation of cyclin-CDK complexes, ensuring continuous protein synthesis and growth to meet the needs of a dividing cell. In fact, early studies have shown that the growth of metazoan cells is not confined to a single phase of the cell cycle but rather is continuous throughout (62) .
The down-regulation, or decrease in detection, of TSC1 and TSC2 does not require their phosphorylation promoted by the coexpression of cyclin Ds-CDK4/6, nor does it require binding of CDK4/6 by cyclin D1 (Figs. 3 and 4) . Cyclin D, therefore, seems to affect TSC1 and TSC2 through both kinase-dependent and kinase-independent mechanisms. The cyclin D-dependent downregulation of TSC1-TSC2 coincides with their shift from a soluble to an insoluble fraction of cell lysate, consistent with a reduced ability of the TSC1 and TSC2 monomers to form a dimeric complex (46) . Because the effect of cyclin D overexpression on TSC1 and TSC2 steady state levels was most pronounced on ectopically expressed proteins (data not shown), these data suggest that cyclin D might interfere with the folding of nascent TSC1 or TSC2, thereby preventing stable complex formation. The effect, if any, of cyclin D-CDK-driven phosphorylation of TSC1 and TSC2 might be masked by the CDK-independent ability of cyclin D to down-regulate the TSC1-TSC2 complex.
In summary, we have described the inhibition of the tumor suppressor complex TSC1-TSC2, a key negative regulator of mTOR activity, by cyclin D1, itself a well-known proto-oncogene frequently amplified in various types of human cancers. mTOR stimulates cell growth through ribosome biogenesis and activity, and the importance of its regulation in suppressing unrestrained cell growth and proliferation is manifest in many cancers (63) . Further study of the cellular setting(s) and mechanism(s) whereby cyclin D1, with or without its CDK partners, is able to antagonize TSC1-TSC2 activity will be crucial to our understanding of the interplay between cell cycle and cell growth regulation, and may validate the targeting of mTOR in tumors in which cyclin D1 is overexpressed.
